1.
DOUBLE-CLAD UPCONVERSION FIBER LASER TECHNICAL FIELD
The present invention relates to optical fiber lasers which are pumped to an excited state by means of an upconversion process, and in particular relates to diode-laser-pumped upconversion fiber lasers.
BACKGROUND ART
Upconversion lasers provide a promising alternative to frequency-doubled laser diodes for a reliable and efficient compact source of blue or green laser light. Unlike the conventional single-step optical pump process, in which absorption of one pump photon is sufficient to excite an active ion to the upper laser level and in which the laser light always has a lower photon energy, i.e. a longer wavelength, than the pump light, the upconversion pump process is a multi-step process in which more than one photon excites an active ion to the upper laser level and in which the laser light usually has a shorter wavelength than the pump light. Common upconversion processes include excited-state absorption of a second photon by the active ion, also called "two-step absorption", dipole-dipole cross-relaxation inter actions between two excited ions, not necessarily of the same atomic species, and avalanche absorption involving a combination of both excited-state absorption and interionic cross-relaxation.
Upconversion solid-state lasers using rare-earth-doped crystal or glass rods as the active medium have been demonstrated. In U.S. Pat. No. 3,624,549, Geusic describes diode pumped solid state upconversion lasers in which a crystal rod is doped with Er", Ho" or Tm" active ions and co-doped with Yb" sensitizer ions. The sensitizer ions absorb the 0.93 um emission from silicon and indium doped GaAs diode pumps, and transfer the energy to the lasing active ions to produce 550 nm, 660 nm or 410 nm laser emission for erbium (Er"), 540 nm laser emission for holmium (Ho"), and 470 nm laser emission for thullium (Tm"), respectively. In U.S. Pat. No. 4, 949, 348, Nguyen et al. describe a thullium-doped solid-state upconversion laser which is double-pumped with both 781 nm GaAlAs and 649 nm InGaAlPlaser diodes to produce a 450 nm laser emis sion. In U.S. Pat. No. 5,008,890, McFarlane describes an erbium-doped solid-state upconversion laser which is pumped either by a 797 nm laser diode or by a diode-laser pumped Nd'-doped 1.06 um solid state laser. The erbium upconversion laser lases at 551 nm or one of several other wavelengths.
Upconversion fiber lasers, using rare-earth-doped single mode fluoride-glass fibers, have also been demonstrated. In U.S. Pat. No. 5, 067, 134 , Oomen describes a diode-laser pumped thullium upconversion fiber laser which lases at about 450 nm wavelength. The fiber can be co-doped with terbium or praseodymium. In U.S. Pat. No. 5,226,049, Grubb describes thullium and holmium upconversion fiber lasers. The pump source may be eitheralaser diode emitting 1120 nm radiation or a Nd:YAG laser which has been adjusted to suppress 1064 nm and 1074 nm emissions and to enhance 1112 nm, 1116 nm and 1123 nm output. The thullium laser produces 480 nm or 650 nm laser light, while the holmium laser produces 550 nm laser light. T. J. Whitley et al., in Electronics Letters 27 (20) Among the lasers disclosed are a 480 nm thullium laser pumped with a diode-pumped Nd:YAG fiber laser providing 1120 nm pump radiation. Also, a praseodymium laser, lasing at 635 nm, 520 nm or 490 nm, is pumped by a diode-laser pumped ytterbium fiber laser. The ytterbium fiber laser pump employs an intrafiber Bragg reflector to force emis sion of 1020 nm pump radiation.
Diode-laser-pumped single-mode rare-earth-doped fluo ride-glass fibers are the preferred medium for upconversion.
Upconversion efficiency increases with pump intensity. Single-mode fibers (10 um core diameter or less) can confine the pump and laser radiation to a very small area over the length of these fibers (often several meters long), and create very high optical intensities and large single-pass gains from only modest pump powers. This makes room temperature cw operation of an upconversion laser possible. In compari son with solid-state crystal media, the glass medium used for fiber lasers has broader absorption and emission bands, so the laser diode pump sources need not be frequency stabi lized and the laser output is tunable to some degree (over approximately a 10 nm range). Fluoride glass fibers are especially advantageous, because the lower phonon ener gies, and thus smaller vibrational decay rates, of this mate rial lead to increased excited-state lifetimes and a relative abundance of the metastable intermediate states required for effective upconversion.
An object of the invention is to increase the amount of usable pump light injected into an upconversion laser fiber for improved upconversion efficiency and higher laser power output.
Another object of the invention is to provide an upcon version fiber laser which can employ higher brightness pump sources than previously possible.
DISCLOSURE OF THE INVENTION
These objects have been met with a diode laser pumped upconversion fiberlaser which uses double-clad fibers. Such fibers have a small diameter central core, preferably sup porting only a single spatial mode of light propagation, which is doped with an active lasing ionic species capable of 5,530,709 3 undergoing upconversion excitation when it is optically pumped, and which serves as a waveguide for upconversion laser light, surrounded by an inner cladding having a lower refractive index than the central core for confining the upconversion laser light in the central core, and which serves as a low loss multimode waveguide for the pump light, and an outer cladding of lowest refractive index surrounding the inner cladding for confining the pump light to the inner cladding and central core. The use of double-clad fibers permits the use of high power (at least 100 mW) multimode or broad-area laser diode pump sources, such as laser bars, MFA-MOPAs or flared-resonator-type laser diodes, as well as use of high power diode-laser-pumped fiber-laser pump sources. Thus, the double-clad upconversion fiber laser of the present invention includes a laser-diode-based laser pump source which is optically coupled at one end of the double-clad fiber to both the central core and inner cladding of the fiber, instead of just to the small diameter central core.
The higher power and brightness levels from the pump sources which are able to be coupled to double-clad fibers provides increased pump light intensities in the fiber core and achieves improved upconversion efficiency.
Specific embodiments of the invention further increase pump brightness by combining multiple pump sources. Light from two or more pump sources with different wave lengths within the same broad pump absorption band of the active ions can be combined using a wavelength-division beamsplitter combiner before being coupled into the optical fiber. Two pump sources of the same wavelength but with crossed linear polarizations may be combined in a polariza tion beam combiner to double the pump brightness. A combination of these two techniques could also be employed. Several upconversion lasers either require or are more efficient with multiple pump wavelengths in different pump absorption bands of the active ions. Pump light can also be injected into both ends of the fiber.
The resonant cavity for the upconversion fiber may be defined by external mirrors, reflective coatings on the end surfaces of the fibers, or gratings formed within the fibers. These cavity reflectors, while reflective of the upconversion laser wavelengths and any desired co-lasing wavelengths, should be transmissive of the pump wavelength at the pump light input end (or ends) of the fiber. The resonant cavity may entirely contain the laser fiberto form a simple laser, or alternatively, may contain only a portion of the fiber to form a MOPA device with the fiber portion lying outside of the cavity being an optical power amplifier for the upconversion laser light received from the master oscillator portion of the fiber within the laser cavity. Two lasers can operate simul taneously in a single double-clad fiber, where a laser diode pump source injects pump light into the central core and inner cladding which are both doped with an active laser ionic species to generate conventional, i.e., non-upconver sion laser light within the fiber cavity, which in turn serves as pump light for upconversion of another active laser ionic species in the central core. With reference to FIG. 1, an upconversion fiber laser of the present invention includes a laser diode pump source 11 emitting laser pump light 13 which is optically coupled by means of a lens or lens system 15 to an input end 17 of an optical fiber 19 that is doped with an active laser ionic species capable of upconversion excitation, such as certain rare earth ions. A resonant cavity may be defined by laser wavelength reflective coatings on the end surfaces 17 and 21 of the fiber 19, external mirrors or intrafiber grating reflec tors. Laser light 23 is emitted from an output end 21 of the fiber 19 and may be collimated or focused by another lens or lens system 25. The laser elements 11-25 may be mounted together on a common base 27 in a laser package.
The active laser ionic species is preferably a rare earth ionic species, such as Tm" (thullium), Er" (erbium), Pr" (praseodymium) or Ho" (holmium) doped with an active laser ionic species capable of under going upconversion excitation when optically pumped. The fiber 19 also has an inner cladding 33 surrounding the central core with a lower refractive index than the central core for substantially confining the laser light to the core. Surround ing the inner cladding 33 is an outer cladding 35 of still lower refractive index. The inner cladding 33 forms a low transmission loss waveguide for the pump light 13 emitted by the laser diode pump source. The central core 31, forming the waveguide for the laser light generated therein, is a small diameter core which preferably supports only a single spatial mode of light propagation. The core diameter is generally at most 10 pum. The inner cladding 33 has an outer diameter which is typically in a range from 25 um to 250 um, and, together with the central core 31 which it surrounds, is capable of supporting multiple spatial modes of propagation of the pump light. Pump light propagating in the inner cladding 33 leaks into the higher index core 31 along the length of the fiber 19. (The optical fiber 19 is typically several meters long.) Pump light might also be injected into the fiber from both ends, as discussed with reference to FIG. Other noncircular cross-sections (e.g., elliptical) for the inner cladding 41 could also be used. In FIG. 4, yet another optical fiber 45 which can be used in the present invention has two concentric central cores 47 and 49 surrounded by an inner cladding 51 like that shown in FIG.3 and an outer cladding 53. The inner core 47 has the highest refractive index, outer core 49 has a lower refractive index, inner cladding 51 has an even lower refractive index and outer cladding 53 has the lowest refractive index. Both cores are small diameter cores, preferably single mode cores. The outer core 49 has a typical outer diameter of at most 10 um, while inner core 47 has an even smaller diameter of about 3-6 um. This double core fiber 45 may be used in a fiber laser in which two lasers operate simulta neously, one an upconversion fiber laser and the other a non-upconversion fiber laser surrounding and overlapping the upconversion fiber laser and serving as a pump for the upconversion fiber laser. In such a co-lasing fiber laser embodiment, the inner core 47 is doped with an active lasing ionic species capable of undergoing upconversion excita tion, such as Tm" (thullium). The outer core 49 is doped with and the inner core 47 is preferably co-doped with a second active lasing ionic species, such as Nd" (neody mium). Pump light from a laser diode pump source having a wavelength that pumps the second active lasing ionic species (808 nm for Nd) is coupled into the inner cladding 51 and cores 47 and 49 to cause lasing action of those ions. A low power injection lock signal from a single mode laser diode is preferably coupled into cores 47 and 49, or wave length selective gratings are fabricated in the fiber end, to lock the lasing wavelength of this second ionic species within the pump absorption band for upconversion of the first ionic species. (For upconversion of Tm, the Nd laser needs to be locked at about 1.12 um instead of the usual 1.06 um emission of neodymium lasers.) Upconversion efficiency is improved in this scheme because the cavity reflectors for the non-upconversion laser need not couple any of this light out of the cavity, because it is generally used only for intracavity pumping of the upconversion laser. With reference to FIGS, 6-9, the laser-diode-based laser pump source for the upconversion fiber laser of FIG. 1 may be a high power laser diode, such as a monolithically integrated laser diode array, a broad area laser diode, a flared-resonator-type laser diode, or a monolithic flared amplifier-type MOPA device. Such lasers generally provide at least 100 mW of pump light to the central core and inner cladding of a double-clad optical fiber, and especially in the case of laser diodes of the type having broad emitting apertures, usually provide 0.5W or more of pump light. The laser pump source may also be a laser-diode-pumped fiber laser, such as a Nd" fiber laser.
In FIG. 6 , a monolithic flared-amplifier-type MOPA device 55 comprises a semiconductor heterostructure, including a quantum well active region 58 sandwiched between waveguide cladding layers 57 and 59 disposed on a substrate 60. A master oscillator 61, with a single mode waveguide 63 and a pair of DBR grating reflectors 65 and 66, optically couples to a flared optical power amplifier 67. Separate surface contacts 68 and 69 facilitate current injec tion for pumping the oscillator's waveguide region 63 and the flared amplifier region 67. Optical power is emitted as a broad beam 71 from the wide end of the flared amplifier 67.
Other MOPA structures, such as those with DFB oscillators and those with differential pumping of the flared amplifier region, could also be used. The MOPA's heterostructure could be based on any III-V semiconductor material system, including GaAlAs, InGaAs and InGaAsP material systems, the choice of semiconductor material being primarily depen dent on the desired emission wavelength.
In FIG. 7 , a monolithic array 73 of MOPA devices 75 is coupled through optics 77 to a corresponding array of optical fibers 79 forming a fiber bundle 81. These optical fibers 79 may be simple transmission fibers for coupling the optical power from the multiple MOPA device 75 into a 5,530,709 7 single double-clad upconversion fiber. Alternatively, the fibers 79 may form a set of fiber lasers providing laser pump power to the upconversion fiber or to a corresponding bundle of upconversion fibers. Still further, these fibers 79 may themselves be the double-clad upconversion laser fibers which are pumped directly by the array of MOPAs 75.
In shown. Some upconversion lasers require multiple pump wavelengths in order to produce upconversion. For example, as previously mentioned, Pr" (praseodymium) ions must be pumped with both 835 nm and 1010 nm light in order to lase at any of the 520 nm, 491 nm, 605 nm, or 635 nm. wavelengths. A dichroic beamsplitter 95 may be used to combine the pump light 92 and 94 into a single beam 96. Such a beamsplitter 95 would be transmissive of the first pump wavelength but reflective of the second pump wavelength 2. Alternatively, other known beam combin ing optics could be used. The combined beam 96 is focused by a lens system 97 into an end of the upconversion fiber 99. Cavity reflectors 98 and 100, which may be external to the fiber 99 as shown or internal fiber gratings, reflect the laser light, to provide resonant feedback for the laser, while at least the reflector 98 on the pump input end of the fiber 99 is transmissive of the two pump wavelengths and p.
Reflector 100 at the output end of the fiber 99 may be highly reflective of the pump light, and somewhat less reflective of the laser light to permit coupling of the laser light 101 out of the fiber 99. Additional optics 101-104 shape and colli mate the respective laser beams emitted from the two pump sources 9 and 93 and the fiber laser 99.
The configuration shown in FIG. 10 could also be used to increase upconversion efficiency in lasers that only require a single pump wavelength, but which have broad pump absorption bands. In such a case, the two pump wavelengths A and 2 differ, but still correspond to the same pump absorption band of the upconversion fiber laser. Glass hosts , but reflective of the pump wavelength A combination of any of the pumping schemes shown in FIGS. 10-12 could also be employed. Thus, multiple pump wavelengths in different absorption bands, multiple pump wavelengths within the same absorption band, combining pump light from pairs of cross-polarized sources, and pump ing from both ends of the upconversion laser fiber could be used together in any combination.
With reference to FIGS. 13 and 14, the laser-diode-based laser pump source for the upconversion fiber laser could be a laser-diode-pumped fiber laser instead of a high power laser diode. For example, a Tm (thullium) upconversion fiberlaser can be pumped by a Ndi (neodymium) fiberlaser providing 1.12 um pump light. In FIG. 13 , the double-clad upconversion laser fiber 117 receives pump light of wave length 2 and produces a laser output of wavelength. The fiber laser pump source comprises a fiber 119 doped with active lasing ions (such as Nd" ions) optically coupled to a laser diode pump 121 which provides pump light of wave length (about 808 nm for a Nd" fiber laser) to the fiber 119. Like the upconversion fiber 117, the laser fiber 119 for the pump may also be a double-clad fiber, so as to allow coupling of a high power laser diode pump source 121, particularly one with a broad emitting aperture, to the fiber 119. Otherwise, a single-mode laser diode could be used to pump a single-clad fiber laser. Because the output of the fiber laser 119 must match a pump absorption band of the upconversion fiber laser 117, an injection lock 123 may be necessary to force emission within that wavelength band.
For example, Nd" fiber lasers ordinarily lase at about 1.06 um instead of the desired 1.12 um for pumping a Tm" upconversion fiber laser. A single mode laser diode 123 tuned to emit light of wavelength which equals the desired pump output wavelength a may be coupled to the laser fiber 119 to lock the light at that desired wavelength. In FIG. 13 , both the pump diode 121 and injection locking diode 123 are coupled to the laser fiber 119 by means of a branching fiber connection 125. Alternatively, in FIG. 14, a   5 ,530,709 9 dichroic or other wavelength-division beamsplitter 127 is used to optically couple the pump diode 129 and injection lock diode 131 to the laser fiber 133 providing the pump light to the upconversion fiber 135. Further, one or more of the laser diodes, such as diode 129, may be remotely coupled to the beamsplitter 127 via a light transmissive optical fiber waveguide 130. Lens systems are used, where needed, to shape, collimate and focus the light beams from the various laser components.
With reference to FIG. 15 , the upconversion fiber laser of the present invention may be a fiber MOPA device in which a portion 142 of the optical fiber 137 lies outside of the laser resonant cavity 139-141 and acts as an optical power amplifier for the laser light generated within the cavity. The resonant cavity is defined by two spaced apart DBR gratings 140 and 141 bound by a portion 139 of the fiber core. The optical amplifier portion 142 of the fiber core is optically coupled through the reflective grating 141 to the laser oscillator portion 139 of the fiber core. The fiber 137 is shown for simplicity without distinguishing the inner and outer claddings, but would in general be such a double-clad fiber. A laser-diode-based laser pump source 143 provides pump light 145 to all fiber core portions 139-142.
Lenses or lens systems are generally used to shape, collimate and focus the light beams emitted from various components of the present invention. For example, in the laser embodiment shown in FIG. 1 , the lens system 15 is used to couple the light 13 from the laser diode pump source 11 into the laser fiber 19, while another lens 25 is used at the output of the fiber 19 to collimate the laser light 23. Likewise, lenses or lens systems (depicted as simple lenses for simplicity) are also used in the other upconversion fiber laser embodiments of the present invention. In particular, it is usually necessary to reshape the outputs from the high power laser diode pump sources with broad emitting aper tures or formed of monolithic linear arrays of multiple laser light emitting elements, since such outputs are highly asym metric in both shape and divergence. Anamorphic lenses or lens systems, including cylindrical, ellipsoidal and toroidal lenses, may be used for this purpose. The problem is particularly severe with the flared-amplifier-type MOPA devices and the flared-resonator-type laser diodes shown in FIGS. 6, 7, and 9, since the output beam from these sources is not only highly asymmetric but also astigmatic. Astigma tism-correcting lens systems for such pump sources are described in U. S. Pat. No. 5, 321, 718 , and may be used here.
With reference to FIGS. 16-19, graded index (GRIN) lenses may be used to both couple the light into and out of the upconversion fiber laser and form the required feedback mirrors at the fiber ends. Advantages of this approach include reducing the number of bulk optical elements in the fiber laser system, simplifying the mirror coating procedure by forming the coatings on the GRIN lens surfaces rather than the fragile fiber end surfaces, directly coupling the pump light from a laser diode pump source into the fiber without the need for special collimation optics, and direct coupling between two fiber lasers without the need for additional bulk optical components between the fibers. FIG .   16 shows the basic configuration. Pump light from a diode based pump source or a preceding laser fiber passes through and is focused by a first GRIN lens 147 into the laser fiber 149. Laser light A is collimated at the fiber output or focused into another laser fiber by a second GRIN lens 151. We claim:
1. An upconversion fiber laser, comprising an optical fiber having a central core doped with an active lasing ionic species, an inner cladding surrounding said central core and having a lower refractive index than said central core, said inner cladding having a noncir cular cross section, and an outer cladding surrounding said inner cladding and having a lower refractive index than said inner cladding, said active lasing ionic species capable when optically pumped of undergoing upcon version excitation, a laser-diode-based laser pumped source optically coupled at least into said inner cladding, said inner cladding forming a waveguide for pump light emitted by said laser-diode-based laser pump source, and means for defining a resonant cavity containing at least a portion of said optical fiber. beam combining means for coupling pump light emitted from each of said multiple lasers at least into said inner cladding of said optical fiber, said inner cladding form ing a waveguide for said pump light, and means for defining a resonant cavity containing at least a portion of said optical fiber, 9. The laser of claim 8 wherein said multiple lasers are a monolithic array of semiconductor lasers, and said beam combining means includes at least one cylinder lens dis posed in front of said array of lasers.
10. The laser of claim 9 wherein said beam combining means further includes an array of optical fibers which are arranged at an input end in front of the array of lasers to accept light therefrom and arranged at an output end in a bundle configured to inject light from the fibers at least into said inner cladding of the upconverting laser fiber.
11. The laser of claim 8 wherein said multiple lasers provide light of multiple wavelengths for optically pumping said active laser ionic species doping said central core. 12. The laser of claim 11 wherein said multiple wave lengths correspond to at least two different pump absorption bands of said active laser ionic species in said central core.
13. The laser of claim 11 wherein said multiple wave lengths coincide with a single broad pump absorption band of said active laser ionic species in said central core.
14. The laser of claim 8 wherein said multiple lasers provide light of two crossed linear polarizations.
15. The laser of claim 1 or 8 wherein said resonant cavity defining means includes at least one reflective end face of said optical fiber.
16. An upconversion fiber laser, comprising an optical fiber having a central core doped with an active lasing ionic species, an inner cladding surrounding said central core and having a lower refractive index than said central core, and an outer cladding surrounding said inner cladding and having a lower refractive index than said inner cladding, said active lasing ionic species capable when optically pumped of undergoing upcon version excitation, said central core being co-doped with a sensitizer ionic species selected to facilitate said upconversion excitation of said active lasing ionic species, 12 a laser-diode-based laser pump source optically coupled at least into said inner cladding, said inner cladding forming a waveguide for pump light emitted by said laser pump source, and means for defining a resonant cavity containing at least a portion of said optical fiber.
17. The laser of claim 16 wherein said active laser ionic species and said sensitizer ionic species are both rare earth ionic species.
18. The laser of claim 17 wherein said sensitizer ionic species is selected from the group consisting of Nd" and Yb2+.
19. The laser of claim 1 or 16 wherein said laser-diode based laser pump source is a laser-diode-pumped fiber laser, laser light emitted from said fiberlaser being said pump light optically coupled into at least said inner cladding of said optical fiber.
20. The laser of claim 1 or 16 wherein said active laser ionic species is a rare earth ionic species.
21. The laser of claim 20 wherein said rare earth ionic species is selected from the group consisting of Tm", Er", Pr", and Ho. 24. The laser of claim 23 wherein a portion of said optical fiber lies outside of said resonant cavity, said portion acting as an optical power amplifier. 27. An upconversion fiber laser, comprising an optical fiber contained at least partially within a resonant laser cavity and having a central core region doped with an ionic species capable of lasing at a first upconversion wavelength, said central core region embedded in a second region of said fiber doped with an ionic species capable of lasing at a second wave length, said second wavelength exciting upconversion in said central core region, and means for pumping said second region, wherein said means for pumping is a second fiber laser optically coupled to said second region. 28. The laser of claim 27 further comprising means for reflecting light in said optical fiber of both said first and second wavelengths.
29. The laser of claim 27 wherein said central core region and said second region are embedded within an inner cladding region which in turn is embedded within an outer cladding region of said optical fiber.
30. The laser of claim 29 wherein each of said central core, second and inner cladding regions has a higher refrac tive index than the region in which it is embedded.
31. The laser of claim 27 wherein said means for pumping is a diode laser with an emitting aperture substantially larger than a minimum dimension of said central core region.
32. The laser of claim 31 wherein said diode laser is a fiber-coupled laser array.
33. The laser of claim 27 wherein said means for pumping comprises a plurality of lasers and means for combining light emitted from said plurality of lasers into a single pump beam, said single pump beam optically coupled into said central core and second region.
